Force/torque control is attracting considerable attention for the realization of compliant motion in mechatronic systems such as industrial robots and human-support robots. They have transmission mechanisms such as gear reducers, which introduce resonance in the low frequency range and nonlinearity by backlash. To achieve high precision even with transmission mechanisms, the reduced cost of high-resolution encoders has increased the number of devices with load-side (gear-output-side) encoders in industry. Therefore, this study proposes a precise joint torque control method with backlash compensation by using load-side encoder information. The effective use of the load-side encoder information enables the proposed method to compensate the fast backlash effect in a feed forward manner. Moreover, based on the experimental analyses, the novel backlash compensation model is proposed to solve the problems caused by the conventional backlash compensation model. Simulation and experimental results demonstrate the advantages of the proposed method.
Introduction
Force control has attracted considerable attention recently (1) (2) . In the industry, there is an increasing demand for constructing automated manufacturing systems with the flexibility to handle various types of low quantity production. There are two requirements for industrial robots to construct the aforementioned automated flexible product lines. The first requirement is that robots are required to complete tasks that are difficult for conventional position-controlled robots to perform such as assembling parts and polishing processing (3) . The application of force/torque-control enlarges the field of automation. The second requirement is that robots are required to concurrently work with human workers. Position-controlled industrial robots require large spaces surrounded by fences for safety purposes (4) . However, force-controlled robots do not require fences, and this allows collaboration with human workers to complete complex and various tasks. Additionally, there is an increasing demand for human-support robots (especially in welfare fields) to deal with the issue of an aging society. A series elastic actuator (SEA) is intensively examined as a promising actuator for human-support robots (5) (6) . Industrial robots and SEAs typically include geared structures with low rigidity and nonlinearities such as backlash. These features severely affect the control performance, and thus, the geared structures are often modeled as two-inertia systems to consider resonance and backlash effects (7) (8) . Therefore, several studies focus on two-inertia control (9) - (11) . The system with backlash is often modeled as a a) Correspondence to: Shota Yamada. E-mail: yamada.shota13@ ae.k.u-tokyo.ac.jp * The University of Tokyo 5-1-5, Kashiwanoha, Kashiwa, Chiba 277-8561, Japan two-inertia system with deadzone as shown in Fig. 1 . The definitions of the variables are given in Table 1 . Subscripts M and L indicate the motor side and load side, respectively. Motor side and load side are separated by a deadzone, and collisions occur when the direction of the motion changes. In order to obtain precise positioning at the load side even with nonlinearities in transmission mechanisms, feedback of the load-side encoder information is required (12) (13) . It is typically difficult to equip industrial robots with encoders at the load side due to the lack of space available for mounting the encoder and due to the scattering of lubricant. However, we expect an increase in the application of load-side encoders to robots due to cost reduction. Therefore, we proposed a novel machine structure with both motor-side and load-side encoders for robots' application (14) . Additionally, SEAs normally include both motor-side and load-side encoders for joint torque measurement (15) (16) . We expect that the effective use of the load-side information will improve joint torque control performance.
Precise control of the joint torque realizes safe and flexible (17)). Therefore, several studies on joint torque control methods were conducted (18) (19) . Oh et al. in (20) proposed a disturbance observer (DOB) by using torsional angle instead of motor-side angle to enhance zero impedance characteristics, which indicates the backdrivability of the mechanical system. Backdrivability is important for human-support application (21) . Therefore, the backdrivability performance of our proposed method will be discussed and evaluated in section 4.3 of this paper. Several studies consider the backlash effect for more precise joint torque control (22) (23) . Most studies consider backlash effect as joint torque disturbance. Kaneko et al. in (24) deal with the nonlinear torsional rigidity in harmonic drive gears by compensating joint torque disturbance calculated by torque sensor information and both motor-and load-side encoders information. Odai et al. in (25) compensate joint torque disturbance by DOB. This framework is further examined in (26) and (27) . However, it is necessary to compensate backlash not by FB controllers (such as DOB) but by FF controllers, since the backlash effect is fast. It is necessary to move the motor side very quickly during the reversal motion.
This study proposes precise joint torque control method by considering the backlash effect. The effective usage of loadside encoder information enables the extraction of the backlash nonlinearity to compensate by a FF controller based on an inverse model of backlash. This compensation becomes possible by controlling the torsional velocity by using both motor-and load-side encoder information. The main contributions of this study are as follows:
( 1 ) improvements in the precision of the joint torque control by the FF controller that deals with the fast backlash phenomenon by using both motor-and loadside encoders, ( 2 ) enhancement of backdrivability by the joint torque control by using both motor-and load-side encoders, ( 3 ) evaluation of control performance in simulations and experiments. This study adds further to extant studies (14) (28) . This study is organized as follows. The experimental setup is introduced in section 2. In section 3, the proposed methods are explained in detail. In sections 4 and 5, the performance of the proposed methods is quantitatively analyzed in simulations and experiments. Based on the results, a novel and simple backlash compensation model is proposed and experimentally analyzed in section 6. Finally, the conclusion is discussed in section 7.
Experimental Setup
A motor bench with a low stiff joint between two motors is used as the two-inertia system setup in the study. A flexible joint between the motor side and torque sensor is inserted to exhibit low resonance that is usually introduced by transmission gears. The length and diameter of the flexible joint are 340 mm and 7.8 mm, respectively. Additionally, backlash is introduced by a gear coupling. Backlash width identification with only motor-side encoder corresponds to another research field (see e.g. (29) ). Nevertheless, it is easy to identify the width when the system includes both motor-and load-side encoders. The identified backlash width in the setup is ±6 mrad.
Controllers are implemented in DSP. The control sampling of current control loop is 10 kHz, and thus, the PI current controller is implemented. The current control bandwidth is experimentally confirmed as 1.2 kHz. Frequency characteristics measurements are performed by inputting chirp signals to the current reference. Frequency characteristics of the setup from the motor current to the motor-side angle and from the motor current to the load-side angle are shown in Figs. 3(a) and 3(b), respectively. As shown in the figures, the setup is modeled as a two-inertia system with an antiresonance frequency of 57 Hz and resonance frequency of 71 Hz. The fitted model is denoted by blue solid lines while the measurement results are denoted by the red dashed lines. The parameters identified by the fitting are shown in Table 2 .
Proposed Method

Overview of the Proposed Method
Conventional studies compensate the backlash effect by only using a FB controller such as DOB (25) (27) . However, it is necessary to also compensate the backlash effect in the FF controller since its effect is fast and it always appears at the reversal points of motion (i.e., The joint torque reference value indicates when the backlash effect appears. With respect to the disturbance responses, it is necessary to compensate for the backlash effect by using FB controllers). Therefore, a proposed method includes the FF backlash compensator. Figure 1 shows that backlash is extracted when torsional angular velocity is controlled in the inner loop, and it can be compensated with an inverse model of the deadzone in a FF manner. Table 2 . Parameters of the two-inertia system motor bench Table 3 .
Motor-side Velocity Control
In order to control torsional velocity, the motor-side velocity P control with a DOB is implemented. In Fig. 5 , C ωMP indicates a P controller with gain K ωMP , and Q DOB (s) indicates a first-order low pass filter (LPF) whose cutoff frequency determines the bandwidth of DOB. The motor-side velocity exhibits less phase delay when compared with the load-side velocity, since it corresponds to the collocated side. Therefore, motor-side velocity is first controlled and subsequently load-side velocity obtained by the load-side encoder is used to control Δω based on Eq. (1):
The reference value of the motor-side angular velocity is generated by using the reference value of the torsional angular velocity and the obtained load-side angular velocity as follows:
where superscript * indicates the reference value. A motor-side angular velocity FF controller is also applied to achieve a high control bandwidth. High control bandwidth of the inner loop is required to quickly compensate the backlash, and it improves the performance of the outer loop. Thus, the FF controller is implemented as (J Mn s+D Mn ) based on the assumption that the reaction joint torque to the motor side is decoupled by DOB. The subscript n indicates the nominal value. The DOB decouples the motor side and load side under its bandwidth, and thus, the plant is considered as 1 
J Mn s+D Mn
within the DOB bandwidth. Furthermore, Q ωFF (s) is a first-order LPF to realize the FF controller.
Joint Torque FF Control
The joint torque FF control compensates for the backlash and improves the reference-tracking performance. It is possible to deal with the fast backlash effect by using the FF controller for precise control. The joint torque FF controller generates the torsional angular velocity reference value from the joint torque reference value. We consider an inverse model of the transfer function from Δω to T s (see Fig. 1 ), and thus, the reference value of the torsional angular velocity is generated by using the reciprocal of the torsional rigidity, the inverse model of backlash, and the derivative. The derivative is implemented as a pseudo differential with the first-order LPF Q TsFF (s). The backlash is modeled as a deadzone, and thus, the inverse model of the deadzone is applied.
In Fig. 5 , the load-side angular velocity is filtered with Q T sFF (s). The load-side angular velocity is delayed with the filter to synchronize the torsional angular velocity generated by the joint torque FF controller that exhibits delay due to Q T sFF (s).
Joint Torque FB Control
The joint torque FB control suppresses modeling errors and disturbance by using the joint torque estimated by a joint torque observer with a PI controller. The joint torque observer uses only the motorside parameters, which do not vary much compared with the parameters of the load side and the transmission mechanism. Also, the joint torque observer estimates the joint torque even with nonlinearities in transmission mechanisms since it estimates the reaction torque. Therefore, the joint torque observer can estimate the joint torque robustly (30) (31) . FF controller cannot compensate the backlash effect caused by modeling errors and disturbance. However, it can be suppressed by the joint torque FB controller. Specifically, Q T s OB (s) is a first-order LPF that determines the estimation bandwidth. The PI controller C T s PI (s) is designed by the pole placement to the plant, namely T s = k s Δω. 
Controller Design Procedure
First, DOB is designed. The nominal parameters of the torque constant K tn and the inverse model of motor-side plant (J Mn s + D Mn ) are designed based on the identified parameters in Table 2 . Subsequently, the cutoff frequency of Q DOB (s) is experimentally tuned as 80 Hz in our setup. The cutoff frequency is influenced by the precision of parameter identification and quantization noise by encoder signals. Second, motor-side velocity P controller is tuned by considering the stable margin. Open loop characteristics of P controller, DOB, and the plant are shown in Fig. 6 . The vector locus has a large circle going through the point (1.1, 1.5) and coming back around the point (−0.4, −1.5) due to the resonance of the two-inertia plant, though the whole view of the large circle is not shown in Fig. 6 . Please note that backlash nonlinearity is removed from the plant in the analysis. In this study, P gain K ωMP is increased till phase margin reaches 60 degrees. Third, the motor-side velocity FF controller is designed based on the identified values of the motor-side parameters (J Mn and D Mn ). As discussed in previous subsection, the FF controller design is based on the decoupling by DOB. Therefore, the bandwidth of the FF controller is designed based on the DOB bandwidth. The bandwidth of the FF controller is determined by the cutoff frequency of the first-order LPF Q ωFF (s), and thus, the cutoff frequency of Q ωFF (s) is designed as identical to that of Q DOB (s).
Fourth, the joint torque FF controller is designed. The deadzone model is uniquely determined by the deadzone width that is identified by using both motor-and load-side encoders as stated in section 2. The filter of Q T s FF (s) is designed based on Q ωFF (s). The joint torque FF controller generates the reference value of the torsional angular velocity that generates the reference value of the motor-side velocity based on Eq. (2). Therefore, the bandwidth of the joint torque FF controller should not exceed the bandwidth of the motor-side velocity FF controller. Subsequently, the 
Simulations
Simulation Conditions
The model used in simulations is the two-inertia system model whose parameters are shown in Table 1 . It should be noted that the deadzone model is not included in the plant in section 4.2 and 4.3 for the basic analyses of the joint torque control. The effect of deadzone is analyzed in section 4.4 and the experiments in the next section.
Effects of the FF Controllers
First, the effectiveness of applying FF controllers is evaluated. Figure 7 compares the frequency characteristics of the transfer function from the reference to the joint torque between with and without two FF controllers, the joint torque FF controller, and motor-side angular velocity FF controller. The response with FF in the blue solid line exhibits higher control bandwidth characteristics. Two FF controllers improve the reference Figure 8 evaluates the effect of the motor-side angular velocity FF controller. In Fig. 8, a 0 .50 Nm step reference is input at 0.050 s and a −1.0 Nm step load-side disturbance is input at 0.10 s. The black dotted line denotes the reference value of the joint torque, the blue solid line denotes the response with the motor-side angular velocity FF controller, and the red dashed line denotes the response without the motor-side angular velocity FF controller. The joint torque responses are precisely controlled in both cases. However, the motor-side angular velocity FF control slightly improves the initial responsiveness. Disturbance suppression is also improved by applying the motor-side angular velocity FF controller that increases the inner loop control bandwidth.
High Backdrivability
The joint torque control method also improves backdrivability. Backdrivability is important for realizing human-machine interactive motion (6) because it indicates the ease of moving the devices from the load side. Specifically, backdrivability is essential in wearable robots since it determines the ease for the users to (16) . The main factors that deteriorate the backdrivability include motor-side impedance and friction amplified by the gear. An enhancement in the backdrivability in industrial robots and human-support robots allows workers to easily move the robots and prevent injury to humans or hardware destruction when robots collide with humans (19) . Backdrivability is enhanced by controlling the joint torque at 0 Nm because the joint torque works as a disturbance when a human inputs external torque on the load side. Backdrivability is evaluated by the load-side velocity with an input to the load side. The joint torque reference is set as 0.0 Nm, and a −1.0 Nm step load-side disturbance is input at 0.050 s in Fig. 9 . The blue solid line indicates the response with the proposed control, while the red dashed line indicates the response without any control. As shown in Fig. 9(a) , the proposed method enables the joint torque to reach 0.0 Nm within 0.050 s. As shown in Fig. 9(b) , the load-side angular velocity response with the proposed method is faster with the same amount of load-side disturbance input, thereby suggesting that the proposed method enhances backdrivability by removing the motor-side impedance. Additionally, the vibration in the velocity response is reduced because T s = 0 control decouples the load and motor sides. Our simulation model does not include friction and the reduction ratio is 1. However, the improvement of backdrivability by the proposed method 
Backlash Compensation
Backlash affects the response at motion reversal points, and thus, sinusoidal responses are shown in Fig. 10 . The blue solid line denotes the joint torque response with an inverse model of deadzone in the FF controller, while the red dashed line denotes the response without the inverse model in the FF controller. The initial position corresponds to the middle point of the deadzone. Without backlash compensation, the response remains at 0 Nm at the reversal points. After the deadzone width, the response exhibits large vibration due to a collision between the motor and load side. The results clearly show that the proposed backlash compensation method improves the response.
Experiments
In the experiments, backlash compensation performance is evaluated in our setup. The conditions in the experiments are the same as those in the simulations. Controllers are discretized by using a Tustin conversion with a sampling frequency of 2 kHz. Figure 11 shows the joint torque sinusoidal responses of the proposed method without backlash compensation. The black dotted line denotes the reference of the joint torque, and the blue solid line denotes the estimated joint torque by the joint torque observer. The red dashed line denotes the measured joint torque by the joint torque sensor equipped for the performance evaluation of the joint torque observer. Deterioration in the joint torque response due to backlash is clearly observed at the reversal points. Therefore, backlash compensation is clearly required. Additionally, the results show that the joint torque is precisely estimated by the joint torque observer even with backlash nonlinearity. The joint torque responses with backlash compensation based on the inverse deadzone model are shown in Fig. 12 .
In the experiments, the cut-off frequency of the pseudodifferential in the joint torque FF controller is decreased to 10 Hz to avoid exceeding the maximum motor current. Figure 12 shows the maximum amplitude of the response after the reversal points are suppressed when compared to Fig. 11 . However, a spike in the joint torque and current is produced in the compensation timing as shown in Figs. 12 and Fig. 13(a) . This spike is caused by the differential of the inverse deadzone model in the FF controller. Therefore, it is also necessary to improve the compensation model such that the differential of the model is smooth. A novel compensation model is proposed based on this requirement in the next section.
Backlash Compensation Model based on a Sigmoid Function
In order to improve the response and reduce the maximum motor current, a novel backlash compensation model is proposed by using the following sigmoid function:
Specifically, K sig is the total gain, and a is the gain that determines the similarity to the inverse deadzone model as shown in Fig. 14(a) . As shown in Fig. 14(b) , tangential lines are drawn at the points −x 1 and x 1 where the slope of sigmoid function is 1. By defining the new model as Eq. (4), a smoothed inverse deadzone model is developed as follows:
The pseudo differential of this smoothed model is the output of the FF controller, and thus, a lower maximum motor current is required. After a is tuned experimentally, K sig is tuned by comparing the intercepts of the tangential lines and the identified deadzone width. A comparison of the joint torque response between systems with and without the proposed model based backlash compensation is shown in Fig. 15 . Specifically, K sig and a are tuned to 0.050 and 5000, respectively. The black dotted line denotes the reference of the joint torque, the blue solid line denotes the joint torque response with the proposed backlash compensation, and the red dashed line denotes the response without backlash compensation in the FF controller. The results indicate a clear improvement with no spike in the joint torque response in the proposed method. The current response is shown in Fig. 13(b) . The proposed compensation method significantly decreases the required maximum motor current.
Conclusion
In this study, a novel control method is proposed by using load-side encoder information to improve the performance of joint torque control. The effective use of the loadside encoder information enables the proposed method to exhibit high control bandwidth characteristics and compensate for the backlash in the FF controller. The performance of the proposed method is evaluated through simulations and experiments. Moreover, the experimental results indicated that the inverse deadzone model based backlash compensation produced a spike in the compensation timing, and thus, a novel backlash compensation model is proposed. The experimental results verify that the proposed model exhibits better performance when compared to that of the inverse deadzone model and reduces the required maximum current. A future study will consider a backlash compensation method that more effectively utilizes the load-side encoder information to further improve the performance. 
